Abstract: Diclofenac (DCF) and ibuprofen (IBP) are common pharmaceutical residues that have been detected in the aquatic system. Their presence in the aquatic environment has become an emerging contaminant problem, which has implications for public health. The degradation pathway and identification of transformation products of pharmaceutical residues are crucial to elucidate the environmental fate of photocatalytic decomposition of these pollutants in aqueous media. The degradation process might lead to creation of other possible emerging contaminates. In this study, the degradation of DCF and IBP in aqueous solutions was investigated. To this end, coated TiO 2 on a Pilkington Active glass was used as a photocatalyst under UVA illumination, in a planar falling film reactor. Pilkington Activ TM glass was used as a photocatalyst and a falling liquid film generator. Degradation kinetics of both pharmaceuticals followed a pseudo-first-order model. The transformation products of both diclofenac and ibuprofen during the degradation process were detected and identified with gas chromatography-mass spectrometry (GC-MS) and ion chromatography. The results showed that the mineralization rate of both pharmaceuticals through photocatalysis was very low. Low chain carboxylic acids, such as formic, acetic, oxalic, malonic, and succinic acids were the main by-products. A pathway of DCF and IBP degradation was proposed.
Introduction
Pharmaceutical wastes such as anthropogenic contaminants often cannot be easily removed using conventional wastewater treatment and thus accumulate in aquatic media [1, 2] . Trace level of pharmaceutical residues have been detected in ground and surface water, which are considered a threat to the environment due to the high public consumption and continuous discharge to the water environment [3] [4] [5] [6] . The accumulation of pharmaceuticals in aquatic environment, even in low concentrations, can be harmful for human health and aquatic life, resulting in a serious environmental problem [7, 8] . Diclofenac (DCF) and ibuprofen (IBP) are highly consumed pharmaceuticals and are typical representatives of analgesic non-steroidal anti-inflammatory pharmaceutical compounds (NSAIDs) that have been detected in water environment at low concentrations (ng/L to µg/L) [4, [9] [10] [11] . NSAIDs are considered to be one of the most frequently detected pharmaceuticals in aquatic systems, including surface and ground water [12, 13] . Advanced oxidation processes (AOPs) have attracted significant attention in the field of water treatment, due to its high removal efficiency and environmental compatibility [14] . Various AOPs have been successfully applied for environmental remediation [15, 16] and have been safely and efficiently used for the removal of different organic contaminants, such as pharmaceuticals [4] , herbicides [3] and organic dye [17] , from aqueous solutions. AOPs are considered to be an effective and promising method for the degradation and mineralization of aqueous recalcitrant pharmaceutical compounds [2] . Different AOPs and their combinations have been compared and investigated for the removal of chloroacetic acids from aqueous solutions, using the design of a planar falling film reactor [14] The same design of reactor have been applied for the removal of perfuorosurfactants through non-thermal plasma generated in a dielectric barrier discharge [18] . In order to mitigate the risks of these pollutants in a water environment, various AOPs have been examined for DCF and IBP removal [10] . Different advanced oxidation systems, such as ozonation, photolysis, photocatalysis, and their combinations have been investigated for the decomposition of DCF [19] [20] [21] . Photocatalysis is well-reported in literature for organic pollutants degradation in water environment, under visible and UV light irradiation. Degradation of DCF has also been studied in several reports using the commercial Pd/Al 2 O 3 [22] , pyrite nanoparticles synthesized by sonication [23] , photoelectrocatalysis under visible light irradiation [24] , ozone and peroxone processes [25] , heterogeneous photocatalysts [26, 27] , water radiolysis [28] , gamma ray irradiation [29] , electron beam irradiation [30] , and Co 3 O 4 -CeO 2 as a heterogeneous catalyst for activation of persulfate [31] .
IBP has already been treated by several oxidation processes, including Fenton oxidation using the Fe-ZSM5 catalyst [32] , catalytic activation of peroxymonosulfate by Fe 3 C embedded on carbon [33] , and visible photodegradation using sustainable metal free-hybrids based on carbon nitride and biochar [11] . Choina et al. studied photocatalytic degradation of ibuprofen over titania catalysts [34] . Using heterogeneous photocatalyst TiO 2 /UV-LED [35] , Zr-doped titania [36] , and TiO 2 -NH 2 , nanoparticles have been investigated under visible light irradiation [37] . Photochemical transformation of ibuprofen into harmful 4-isobutylacetophenone was studied in [38] . Michael et al. proposed a degradation pathway of diclofenac and ibuprofen during sono-photocatalysis [39] .
Identification of transformation products during the degradation of organic pollutants such as pharmaceutical residues is considered to be a big challenge. The quantity and type of these transformation products depend on the conditions of the treatment method. Identification of intermediates and mechanism pathway of photocatalytic degradation are considered to be an important step to control the oxidation process and to know the health effect of each transformation product [4, 17] .
This work aimed at systematically investigating the effect of photocatalytic oxidation on the degradation of DCF and IBP, using a planar falling film reactor. The planar falling film reactor has good merits of high reaction contact between the polluted solution and the coated photocatalyst on Pilkington active glass, which enhances the degradation efficiency due to the large surface-to-volume ratio in a falling liquid film system. Each intermediate was detected, identified, and quantified in order to develop a plausible degradation pathway for each substrate.
Materials and Methods

Materials
Diclofenac and ibuprofen sodium salts were purchased from Alfa Aesar (98.5%, Ward Hill, MA, USA) and Fluka (98%, Loughborough, UK), respectively. The chemicals and solvents used in this research were of high purity and were used as received. All solutions were prepared in deionized water.
Experimental Setup and Procedure
The photocatalytic experiments were conducted in a planar falling film reactor ( Figure 1) ; described in detail in [14, 17] . Briefly, the reactor was composed of two Pilkington Activ TM glass (PAG) sheets that were used without any further preparation processes, and were connected by a frame of PVC. PAG is a thin (4-6 mm thickness), colorless, and transparent glass sheet of TiO 2 nanoparticles with a anatase crystalline structure and an average crystalline size of 18 nm and a mean grain size of 95 nm that are coated as a nano-layer (12-15 nm) on the surface of glass [40] . Application of PAG in this falling film reactor provided a good wettability on the surface of the reactor walls, owing to the high superhydrophilicity (θ c = 0 • , θ c -water contact angle) of the TiO 2 photocatalyst coated on the PAG, resulting in the formation of a stable homogeneous falling liquid film (~150 µm thickness) along the glass sheets. Seven UVA lamps (NARVA Lichtquellen GmbH, Brand-Erbisdorf, Germany, model LT 15 W/009 UV, each with 15 W energy consumption) were placed inside the reactor, which had a maximum wavelength of 360 nm, for the UVA irradiation. The UV light intensity was measured as 1 mW/cm 2 at λ max = 360 nm. There was no significant aging effect during the experimental period. In all experiments, the reactor was charged with the solution volume of 0.5 L DCF or IBP (initial concentration = 50 mg/L). The use of such high concentrations in the present work was to ensure adequate detection of transformation products by gas chromatography-mass spectrometry (GC-MS, Agilent, Santa Clara, CA, USA. After establishing a homogeneous liquid falling film flow through the PAG sheets, the solution was continuously circulated into the reactor using a gear pump (Ismatec Reglo-z Digital, Wertheim, Germany), with a flow rate of 1 L/min. During the experiments, oxygen was continuously flown into the reactor at flow rate of 10 L/h (controlled by a Brooks Mass Flow Controller 5850E, Hatfield, PA, USA). The concentration of the dissolved oxygen in the liquid phase and the temperature of the treated solution were monitored using an electrochemical sensor Hach Orbisphere 410 (A1100, Düsseldorf, Germany. 
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Average Thickness of the Liquid Falling Film
Among the various methods of measuring the average liquid film thickness, the simplest method is collecting and measuring the volume of the distinct amount of the liquid that has flown down the surface of the reactor [41] . The average thickness of the liquid falling film was calculated by dividing the average volume of the water collected by the surface area of the reactor wall. Due to the difficulty of disassembling the planar reactor used for collecting the exact amount of the drained 
Among the various methods of measuring the average liquid film thickness, the simplest method is collecting and measuring the volume of the distinct amount of the liquid that has flown down the surface of the reactor [41] . The average thickness of the liquid falling film was calculated by dividing the average volume of the water collected by the surface area of the reactor wall. Due to the difficulty of disassembling the planar reactor used for collecting the exact amount of the drained water, and because the collected water from the outlet of the reactor was not accurate, the same technique was applied with a small modification. The thickness of the liquid falling film in the planar reactor was calculated according to the following equation (Equation (1)):
where σ (µm) is the average liquid film thickness, Q (cm 3 /s) is the liquid flow rate, t is the time (in second) required for water to cover the whole surface area of the reactor wall, and A (in cm 2 ) is the total surface area of the reactor wall covered by the liquid falling film. A and Q were constant throughout the experiment, Q was controlled by the gear pump, while A was calculated from the surface area of two Pilkington glass sheets (29 cm × 68 cm). The required time (t) for covering all of the Pilkington surface area with the liquid was measured by the stopwatch; this was repeated several times. The obtained liquid film thickness was 145 ± 5 µm for 500 mL of water circulated at a flow rate of 1 L/min, in the planar falling film reactor.
Analysis
The concentrations of DCF and IBP were measured using HPLC (Gynkotek HPLC system (Dionex, Berlin, Germany equipped with a M480G gradient pump, GINA 50 Autosampler, and UVD 1705 Dual-Channel UV-VIS Detector) at 254 and 230 nm, respectively. The stationary phase was a NUCLEOSIL 100-5 C18 (125 mm × 2 mm, 5 µm) column, while the mobile phase consisted of 50% Acetonitrile and (50% of 0.01% acetic acid (HAC) for DCF and 1% HAC for IBP) ultra-pure water at a 250 µL/min flow rate. The release of low chain anionic by-products, such as acetate, oxalate, chloride, nitrate, maleate, malonate and succinate, from DCF and IBP, during the degradation process, were quantified by ion chromatography, using a Dionex DX 500 (Thermo Fisher, Berlin, Germany equipped with a CD20 conductivity detector connected to an IonPac AS14 (4 × 250 mm) column and an AG14 (guard column). The mobile phase consisted of a mixture of NaHCO3 (1.0 mM) and Na2CO3 (3.5 mM), flowing with 1.2 mL/min.
The transformation products formed during the degradation of diclofenac and ibuprofen were identified by gas chromatography-mass spectrometry (GC-MS). An Agilent (GC: 6890, MS: 5975) was equipped with a capillary column DB-5MS (10 m × 0.25 mm ID × 0.1 µm film thickness). The carrier gas was helium at a flow rate of 6.0 mL/minute. The GC-MS system was operated in an electron impact ionization scan mode using the NIST14 spectra library. The analysis was performed by PiCA Prüfinstitut Chemische Analytik GmbH, Berlin, Germany. Each sample was analyzed by both an acidic and alkaline extraction procedure with a Methyl tert-butyl ether (MTBE) solvent, after being spiked with an internal standard (i.a.PCB209) solution. The degree of mineralization of both pollutants was followed by a total organic carbon (TOC) analysis, using a Shimadzu TOC-5000 (Kyoto, Japan) analyzer.
Results and Discussion
Photocatalytic Mechanism and Superhydrophilicity of TiO 2
Despite the large variety of photocatalysts reported in literature, which showed a capability for decomposing and mineralizing various organic pollutants, the TiO 2 anatase/rutile heterostructure as a photocatalyst has been successfully commercialized and its use is widespread. The principle of TiO 2 photocatalysis in the degradation process is based on the photo-generated electron-hole pair (Equation (2)). When a semiconductor is illuminated with light of sufficient energy (>band gap energy) it produces highly reactive species like hydroxyl and superoxide radicals, which can cause a photocatalytic degradation of pollutants. In order to achieve successful and continuous production of reactive oxidizing chemical species, as well as prevent electron-hole recombination, two redox reactions must occur simultaneously. The first one includes the reduction of the adsorbed electrophilic dissolved oxygen molecule on the TiO 2 , through photo-generated electrons, to form superoxide anion radicals (Equation (3)) that might further react with H + to generate hydroperoxyl radicals (Equation (4)), followed by H 2 O 2 , and finally, hydroxyl radicals (Equations (5) and (6)). The second one involves oxidation of the adsorbed water molecule or hydroxyl anions by photo-generated holes, to produce hydroxyl radicals (Equation (7)). The powerful hydroxyl and superoxide anion radicals could subsequently oxidize and mineralize organic pollutants into CO 2 , H 2 O, and mineral salts (Equations (8)- (10)) [42] .
Exposure of a surface coated with TiO 2 nanoparticles to UV light could generate superhydrophilicity on the illuminated surface, which has been well-described by Fujishima et al. [43] . This superhydrophilicity results in a high wettability over the surface of TiO 2 coated material, which is particularly used in the production of anti-fogging and self-cleaning glasses [42] . In this phenomenon, the photo-generated electron-hole pairs react in a different route. The electrons tend to reduce the Ti(IV) to the Ti(III) state, and the holes oxidize the O 2− anions to O 2 . The strength of the bond between the associated titanium and the lattice oxygen is reduced by these trapped holes, resulting in the release of oxygen atoms that can lead to oxygen vacancies (Figure 2) . Water molecules can then be adsorbed and settled in these oxygen vacancies as OH groups that make the surface hydrophilic. The longer illumination of the surface with UV light reduces the water contact angle of water. When the contact angle approaches zero, water has the tendency to spread perfectly across the surface [43] . This phenomenon of TiO 2 coated on the surface of PAG (reactor walls), provides a stable and homogeneous liquid flow in the falling film reactor.
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Photocatalytic Degradation of DCF and IBP
Control experiments in the dark were conducted in order to test the contribution of the adsorption processes in the removal efficiency. The concentration of 50 mg/L DCF and IBP remained constant after 90 min of circulation, indicating that the adsorption processes were not involved in the removal process. The photocatalytic degradation profiles of both pharmaceuticals are shown in Figure 3 ; the measured chloride ions in the treated solution were used as indirect measurement for 
Control experiments in the dark were conducted in order to test the contribution of the adsorption processes in the removal efficiency. The concentration of 50 mg/L DCF and IBP remained constant after 90 min of circulation, indicating that the adsorption processes were not involved in the removal process. The photocatalytic degradation profiles of both pharmaceuticals are shown in Figure 3 ; the measured chloride ions in the treated solution were used as indirect measurement for DCF degradation. As shown in Figure 3A , once the solution of DCF was subjected to the photocatalytic degradation, chloride anions were released, as detected by ion chromatography. The rate constants were calculated by plotting ln(C o /C) versus time (t), as shown in Figure 3B and the linearity of the plots confirmed pseudo-first-order kinetics for the degradation of both pharmaceuticals.
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To investigate the mineralization of DCF and IBP under photocatalysis, the concentration of TOC after a 90-min treatment was measured. It was found that the TOC% removal for 50 mg/L of the initial concentration of DCF and IBP and 0.5 L solution after a 90-min treatment were 16.0% and 15.3%, respectively. 
Degradation Products and Pathways
Advanced oxidation processes based on the use of TiO2 under UVA illumination for the degradation of pharmaceutical pollutants produced numerous transformation products, since the generated hydroxyl radicals did not exhibit selectively towards various functional groups. Other generated reactive species, such as superoxide radicals and photo-generated electron-hole pairs, participated in various oxidation reduction pathways as well [39] . The m/z ratio obtained from the GC-MS, the proposed formulae and structures for the intermediates of both pharmaceuticals-DCF and IBP-are shown in Tables 1 and 2 . The results of the GC-MS chromatograms are shown in the supplementary. The proposed degradation pathway were also further consolidated using the results obtained from ion chromatography (IC), for identification of several low chain carboxylic acids. A number of chemical processes have been identified during the degradation of DCF and IBP, by AOPs, including hydroxylation, dechlorination, decarboxylation, cyclization, and ring-opening reactions, followed by the formation of organic aliphatic by-products (Tables 1 and 2 ). Hydroxylated byproducts are considered to be the main degradation intermediates. A possible photocatalytic degradation reaction pathway for DCF and IBP, based on the results obtained by GC-MS and ion chromatography have been proposed; shown in Figures 4 and 5 , respectively.
In order to identify the intermediates and to understand the degradation pathway of DCF and IBP during photocatalytic treatments, samples have been collected at various treatment times (after 5, 15, 30, 60, and 90 min photocatalytic treatment). The intermediate products of both pharmaceuticals DCF and IBP produced during photocatalytic degradation were identified by GC-MS; presented in Tables 1 and 2 . The short chain acids such as formate, acetate, oxalate, maleate, malonate, and succinate, were identified through ion-chromatography. Figure 4 illustrates a plausible degradation pathway of DCF through the photocatalysis treatment. The degradation pathway was based on the results presented in Table 1 . The aromatic rings of the intermediate compounds (Figures 4 and 5) broke into different cleavage compounds through the generated hydroxyl radicals, followed by organic acids like carboxylic and aliphatic acids. These non-toxic and harmless acids further oxidized in the presence of hydroxyl radicals and produced carbon dioxide and water.
The results of the GC-MS indicated that a number of by-products (listed in Table 2 ) were identified during the photocatalytic degradation of IBP. Based on the results showed in Table 2 and To investigate the mineralization of DCF and IBP under photocatalysis, the concentration of TOC after a 90-min treatment was measured. It was found that the TOC% removal for 50 mg/L of the initial concentration of DCF and IBP and 0.5 L solution after a 90-min treatment were 16.0% and 15.3%, respectively.
Advanced oxidation processes based on the use of TiO 2 under UVA illumination for the degradation of pharmaceutical pollutants produced numerous transformation products, since the generated hydroxyl radicals did not exhibit selectively towards various functional groups. Other generated reactive species, such as superoxide radicals and photo-generated electron-hole pairs, participated in various oxidation reduction pathways as well [39] . The m/z ratio obtained from the GC-MS, the proposed formulae and structures for the intermediates of both pharmaceuticals-DCF and IBP-are shown in Tables 1 and 2 . The results of the GC-MS chromatograms are shown in the Supplementary Materials. The proposed degradation pathway were also further consolidated using the results obtained from ion chromatography (IC), for identification of several low chain carboxylic acids. A number of chemical processes have been identified during the degradation of DCF and IBP, by AOPs, including hydroxylation, dechlorination, decarboxylation, cyclization, and ring-opening reactions, followed by the formation of organic aliphatic by-products (Tables 1 and 2 ). Hydroxylated by-products are considered to be the main degradation intermediates. A possible photocatalytic degradation reaction pathway for DCF and IBP, based on the results obtained by GC-MS and ion chromatography have been proposed; shown in Figures 4 and 5 , respectively. In order to identify the intermediates and to understand the degradation pathway of DCF and IBP during photocatalytic treatments, samples have been collected at various treatment times (after 5, 15, 30, 60, and 90 min photocatalytic treatment). The intermediate products of both pharmaceuticals DCF and IBP produced during photocatalytic degradation were identified by GC-MS; presented in Tables 1 and 2 . The short chain acids such as formate, acetate, oxalate, maleate, malonate, and succinate, were identified through ion-chromatography. Figure 4 illustrates a plausible degradation pathway of DCF through the photocatalysis treatment. The degradation pathway was based on the results presented in Table 1 . The aromatic rings of the intermediate compounds (Figures 4 and 5) broke into different cleavage compounds through the generated hydroxyl radicals, followed by organic acids like carboxylic and aliphatic acids. These non-toxic and harmless acids further oxidized in the presence of hydroxyl radicals and produced carbon dioxide and water.
The results of the GC-MS indicated that a number of by-products (listed in Table 2 ) were identified during the photocatalytic degradation of IBP. Based on the results showed in Table 2 and the short chain acids, such as formate, acetate, oxalate, and malonate, which were identified through ion-chromatography, a photocatalytic degradation pathway of IBP were proposed ( Figure 5 ). Coatings 2019, 9, x FOR PEER REVIEW 8 of 11 
Conclusions
In summary, a number of photocatalytic intermediates of pharmaceutical DCF and IBP were detected and identified under UVA illumination of Pilkington active glass using falling film reactor. Photocatalytic degradation pathways of two common pharmaceuticals pollutants in the system were proposed. This study might lead to better understanding of the photocatalytic degradation pathways of DCF and IBP in aqueous solutions and the fate of transformation products. The first step in the degradation of pharmaceuticals, under photocatalytic treatment, is the hydroxylation, decarboxylation, and cleavage of the carbon-carbon or carbon-nitrogen bond via generated hydroxyl radicals, followed by further oxidation and ring-opening with formation of several low-chain carboxylic acids, like formic, acetic, oxalic, malonic, and succinic acids. The use of photocatalysis has a very low mineralization rate and is not feasible to completely remove DCF and IBP, as it requires a high reaction time. However, it was found to be effective for degradation of recalcitrant organic pollutants like pharmaceutical residues or, at least, to transform them into biodegradable species. Therefore, for a deeper mineralization, a longer exposure time during photocatalysis, before discharging these pollutants into the aquatic system, is essential. 
